ABSTRACT
INTRODUCTION
A specific combination of genetic changes is the genetic basis for a polygenic disorder; this combination can be found in patients, but not in control subjects genetically unrelated to patients. If the disorder shows genetic heterogeneity several combinations of genetic variants may be basis for the disorder. Molecular genetic studies of many diseases have identified a number of individual genetic variants contributing to the risk of disease. The effect size for most of these variants is small, which has led to the concept of missing heritability [1] . Combinations of genetic variants may contribute to the heritability; but, studies of combinations are rare, due to the computational and statistical challenges created by the large number of possible combinations, even with moderate numbers of genetic variants [2] . This problem can be addressed by restricting the analysis to a small number of genetic variants [3, 4] , by development of fast data mining methods [5, 6, 7] , and by using specialized hardware, as multiple graphical processing units, to increase scanning speed [8, 9] . Using such types of methods combinations of genetic variants have been analyzed in studies of esophageal cancer [10] , bipolar disorder [11] , neuroblastoma [12] , and breast cancer [13] . In the present study combinations of two single nucleotide polymorphism (SNP) genotypes taken from among 325 SNPs were analyzed, the SNPs were from a previous study of oral cancer and leukoplakia [14] .
RESULTS
In a previous study of 373 patients with oral cancer, 253 patients with leukoplakia, and 535 controls, 325 SNPs from 11 genes involved in DNA repair were analyzed, one SNP genotype was found to be significantly associated with oral cancer and two SNP genotypes were significantly associated with leukoplakia ( Figure 1 ) [14] . This study has been supplemented with an analysis of combinations of the SNP genotypes. The theoretical number of combinations of two SNP genotypes taken from 325 SNPs is (325!/(325 -2)!2!) x 3 2 = 473,850. In the participants 395,193 of these combinations were found, of which 328,238 were common for controls and patients, 20,486 were in controls only, and 46,469 were found exclusively in patients. Among these patient specific combinations two clusters of combinations were found to be significantly associated to oral cancer and leukoplakia (permutation test, p<0.001). Cluster 1 comprised 52 combinations which contained 32 SNP genotypes; cluster 2 comprised 43 combinations which contained 44 SNP genotypes. The patients in the clusters were those who had one or more of these combinations in their genome. Cluster 1 contained 167 oral cancer patients and 24 leukoplakia patients; cluster 2 contained 38 oral cancer patients and 16 leukoplakia patients. The first five combinations in the two clusters are shown in Table 1 and Table 2 . All of the combinations are shown in Supporting S1 and S2 Tables.
The SNP genotypes in cluster 1 and cluster 2 and their genes are shown in Table 3 . The SNP genotypes in cluster 1 belong to the double-strand break repair pathway, mismatch repair pathway, and DNA damage response pathway [14] , whereas the SNP genotypes in cluster 2 belong to the double-strand break repair pathway only. Table 3 also shows that no overlap existed between the SNP genotypes in the combinations in the two clusters. Twelve patients were member of both clusters.
All of the SNP genotype combinations in the clusters were found exclusively in patients. As many of the patients contributed several combinations to the clusters, it was possible to map the combinations for the patients, creating a larger combination or pattern of SNP genotypes for each patient in the clusters. The personal patterns in cluster 1 contained from 2 to 16 SNP genotypes, whereas the patterns in cluster 2 contained from 7 to 35 SNP genotypes. A typical pattern for a patient in each cluster is shown in Table 4 . All the patterns for the 191 patients in cluster 1 and the 54 patients in cluster 2 are shown in Supporting S4 and S5 Tables.
Of the 373 patients with oral cancer, 55% were included in the clusters; in contrast, only 16% of the 253 patients with leukoplakia were included in the clusters. Supporting S4 and S5 Tables show that the personal patterns of SNP genotypes in the leukoplakia patients were similar to the patterns of the oral cancer patients in the 
DISCUSSION
In the present study of 325 SNPs from 11 genes related to DNA repair, 46,469 combinations of two SNP genotypes were found exclusively in patients with oral cancer or leukoplakia. Among these combinations two clusters of combinations were found to be significantly associated to oral cancer and leukoplakia. The clusters contained respectively 52 and 43 combinations, and 191 and 54 patients. It was not the single combination in the two clusters, but the clusters as such that were significantly associated to oral cancer and leukoplakia, as neither one nor two clusters of this size or larger were found in 1000 permutations. The two clusters were very different from each other because no overlap was seen between the SNPs in the combinations in the two clusters indicating the occurrence of two completely different genetic subgroups of patients with oral cancer (Table 3) .
A significant cluster can be seen as a general risk factor for oral cancer, and accumulation in the genome of combinations belonging to the cluster can be seen as a personal risk factor for the single patient. Almost all of the patients had a personal pattern of combinations in their genome, indicating an extreme genetic heterogeneity. However, within a cluster these patterns were similar, hereby restoring a kind of genetic homogeneity. The number of SNP genotypes in the patterns in cluster 1 was much smaller (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) , than the number of genotypes Only the first 5 combinations are shown. All 52 combinations in Cluster 1 are shown in supporting S1 Table. 0 Only the first 5 combinations are shown. All 43 combinations in Cluster 2 are shown in supporting S2 Table. 0,1,2 after rs number shows genotype (0 homozygous for the major allele, 1 heterozygous, 2 homozygous for the minor allele). Patient number 0-378 indicates oral cancer; patient number 379-631 indicates leuokoplakia. www.impactjournals.com/Genes&Cancer in the patterns in cluster 2 (7-35), (Supporting S4 and S5 Tables). Despite the low number of SNP genotypes in the patterns in cluster 1, these patterns contained genotypes from three different DNA repair pathways, whereas the many SNP genotypes in the patterns in cluster 2 were from only one pathway, suggesting that the accumulation of few genetic variants in several key pathways may result in the same risk of disease as the accumulation of many genetic variants in a single pathway.
The difference between the two genetic subgroups raises the question about the occurrence of corresponding clinical subgroups of patients. In a previous study of combinations of genetic data in patients with bipolar disorder, genetic subgroups were found to correspond to clinical subgroups [11, 15] . However, in the study [14] that served as the basis for the present study, the clinical data of interest were related to tobacco use and were not significantly associated to the clusters.
A goal of genetics is to contribute to diagnosis and prediction of disease. As 55 % of the patients with oral cancer were included in the clusters, the combinations in the clusters may be markers that can be used as a supplementary tool regarding diagnosis of this disease. Leukoplakia is a condition that may develop into oral cancer [17] , emphasizing the importance of prediction for patients with this condition. Thus it was interesting to see if patients with leukoplakia were present in the clusters. Compared with the many patients with oral cancer in The personal patterns of SNP genotypes for the 191 patients in cluster 1 are shown in Supporting S4 Table. The personal patterns of SNP genotypes for the 54 patients in cluster 2 are shown in Supporting S5 Table. 0,1,2 after rs number shows genotype (0 homozygous for the major allele, 1 heterozygous, 2 homozygous for the minor allele).
the clusters, only 16% of patients with leukoplakia were found in the clusters. A prospective study may show if oral cancer will occur more often in these 16%, than in the 84% of the leukoplakia patients outside the clusters. The presence of patients with leukoplakia in both clusters shows that also these patients can be divided into two genetic subgroups. Supporting S4 and S5 Tables show that the personal patterns of SNP genotypes in the leukoplakia patients were similar to the patterns of the oral cancer patients in the respective clusters, suggesting that mapping of such patterns may be a useful tool regarding prediction of risk for oral cancer in patients with leukoplakia.
It is noteworthy that combinations of as little as two SNP genotypes resulted in clusters of these combinations significantly associated to oral cancer or leukoplakia and containing more than half of the oral cancer patients. Similar results may be obtained from many genetic studies that have used the single locus strategy, if these studies are supplemented with an analysis of combinations of their already available data.
MATERIALS AND METHODS

SNP genotype data
Procedures for collection of blood samples and written informed consent form were reviewed and approved by the Institutional Ethical Committee, CSRIIndian Institute of Chemical Biology, Kolkata, India. Written informed consent was obtained from all case and control subjects. Subjects (535 control persons, 373 patients with oral cancer, 253 patients with leukoplakia), genes, SNP selection, and genotyping have previously been described in detail [14] .
Combinations and statistics
The theoretical number of combinations of two SNPs from among 325 SNPs is 325!/(325-2)!2! = 52,650. The theoretical number of combinations of two SNP genotypes from among 325 SNP is 52,650 x 3 2 = 473,850 because each SNP corresponds to three genotypes, and each combination of two SNPs corresponds to 3 2 combinations of two SNP genotypes.
A: Preparation of data
The SNP genotypes of control subjects and patients can be listed in a table with 1161 rows (373 for patients with oral cancer + 253 for patients with leukoplakia + 535 for controls) and 325 columns ( for the SNPs).
B: Analysis of combinations of two SNP genotypes
Each of the 52,650 SNP pairs is analyzed one at a time. For each SNP pair the number of occurrences of the 9 SNP genotype combinations ((0 0)(0 1)(0 2)(1 0)(1 2)(1 2)(2 0)(2 1)(2 2)) are counted in the 1161 subjects (e.g., using the Excel function COUNTIFS). If a SNP genotype combination is found only in the group of patients, the combination is stored with the indices of the associated patients.
Repeating step 1 for the 52,650 SNP combinations by a loop function resulted in 46,469 combinations occurring exclusively in the patients. Of the 46,469 patient-specific combinations 25,179 occurred only once; 10,969 combinations were common for two patients; 4,250 combinations were common for three patients, and the highest number having a common combination was 57 patients, who shared one combination.
C: Analysis of combinations significantly associated to oral cancer
Permutation tests showed that the 46,569 combinations found exclusively in patients could be a random finding. However, combinations common for many patients may more likely be significantly associated to oral cancer, compared with those that are common for few patients. But again permutation tests showed that also combinations common for many patients could be random findings. The probability of finding combinations significantly associated to oral cancer may also be increased by analysis of combinations sharing a SNP genotype that occurred more often in patients than in controls, compared with SNP genotypes distributed equally between patients and controls.
This led to the following strategy: Select combinations found exclusively in patients, among these select those that are common for many patients and among these select those containing SNP genotypes that occur more often in patients than in controls. Starting with the largest groups of patients that share combinations and SNP genotypes that have the highest occurrence among patients, this strategy allowed identification of clusters of combinations of two SNP genotypes that could be analyzed by permutation tests.
D. Permutation test
Each cluster is analyzed by a permutation test, using 1000 permutations of the whole material of 535 control subjects and 626 patients. Only clusters with many patients and many combinations with a common SNP genotype obtained statistical significance. As soon as clusters became too small to obtain statistical significance no further clusters were analyzed, the limit was a p-value > 0.05, (when more than 50 clusters, of the same or larger size as the original cluster, were found in the 1000 permutations). The p-values for all significant clusters were corrected by Bonferroni correction.
Using the above steps in the present study, eight clusters were found significantly associated to oral cancer, seven of these clusters showed overlap with respect to SNP genotypes and patients and were merged into one cluster. Permutation tests of the two remaining clusters resulted in p-values < 0.001. Figure 1 summarizes the steps leading from 325 SNPs to clusters of combinations of SNP genotypes significantly associated to oral cancer or leukoplakia.
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